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Supplementary Note 1: Laser ARPES on detwinned FeSe in thermal equilibrium

Here we show the ARPES data® which was used to draw the schematic band structures in Fig. 1b and d.
Supplementary Figure la and b show the experimental geometries used for the laser-ARPES
measurements in thermal equilibrium. In the geometry in Supplementary Fig. 1a (1b), the strain direction
is parallel (perpendicular) to the detector slit and the momentum along kx (ky) is measured. Here, xz (yz
and xy) orbitals have even (odd) symmetry with respect to the mirror plane and can be detected by p (s)-
polarized probe laser. Similarly, yz (xz and xy) are detected by p (s)-polarized laser in the geometry in
Supplementary Fig. 1b which measures along ky. The observable orbital characters are also indicated.
Here, we can focus mainly on the xz and yz orbitals, since the photoelectron intensity of the xy orbital is
quite weak near Er in the ARPES measurements on FeSe'?,

In the tetragonal phase, FeSe exhibits a nearly circular Fermi surface around the I" point as
depicted in Fig. 1a. Along kx (ky), the band forming the Fermi surface is known to have the yz (xz) orbital
component, which can be confirmed by the contrast of the polarization-dependent ARPES intensity
indicated in the square boxes in Supplementary Fig. 1c and d. In the orthorhombic (nematic) phase, on
the other hand, the momentum-dependent orbital polarization' modifies the shape of the Fermi surface
into an elliptical one as shown in Fig. 1c, and the kex and kry become inequivalent as indicated by the black
double-headed arrows in Supplementary Fig. 1e and f. At the same time, the light polarization dependence
inside the square boxes now shows that the orbital components at the kr’s are mixed, especially along Ky,
the shorter axis (Supplementary Fig. 1e). The band dispersions and the orbital characters were reproduced
by the calculations including both the orbital non-equivalency and the spin-orbit coupling® as shown in

Fig. 1d.
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Supplementary Fig. 1. Experimental geometries for ARPES and E-k images of detwinned FeSe. a,b,
The experimental geometries for polarization-dependent laser ARPES!' in thermal equilibrium. In the
geometry in a (b), orthorhombic a (b) axis is parallel to the detector slit. Gray plane represents a mirror
plane of the orthorhombic lattice. We used the linear polarization s (p) which is perpendicular (parallel) to
the detector slit. Momentum cut is shown in each geometry with the orange line. Observable orbital
characters are also indicated for each polarization. ¢, Band dispersions along ky axis around the I" point of
the detwinned FeSe obtained at 160 K with the s- and p-polarized laser (hv = 5.9 eV). Black curves
represent hole band dispersions. Dotted lines highlight the position of kr. d, The same as ¢ but along ky.

e,f, The same as ¢ and d but obtained at 30 K.



Supplementary Note 2: Momentum dependence of the orbital characters in the hole Fermi surface
around the I" point

Here we discuss the momentum dependence of the orbital characters in the hole Fermi surface for
understanding the redistribution of the orbital components across the nematic order. Supplementary
Figures 2a and b are the Fermi surface-angle () dependence of the orbital components in the tetragonal
and orthorhombic phases, respectively, obtained from the calculations based on the d-p model* assuming
the spin-orbit coupling and orbital non-equivalency, which exhibits the Fermi surface shape similar to that
obtained by previous laser ARPES!. While the orbital components other than xz and yz orbitals were also
mixed (~20 %) in the hole Fermi surface both below and above the nematic order, we focus on xz and yz
orbitals for discussing the temperature dependence related to the nematic order.

In the tetragonal phase (Supplementary Fig. 2a), the band forming the Fermi surface has the dominant
contribution of yz (xz) orbital along kx (ky). Here, k-dependent orbital characters keep the C4 symmetry. In
the orthorhombic phase (Supplementary Fig. 2b), the elliptical Fermi surface is composed of both xz and
yz orbitals along ky axis due to the orbital polarization, while that along ky axis exhibits almost xz character.
These & dependences of the orbital components are qualitatively consistent with the polarization-

dependent ARPES results shown in Supplementary Fig. 1c - f.
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Supplementary Fig. 2. Calculated orbital characters of the Fermi surface around the I" point of FeSe.

a,b, The Fermi surface-angle (&) dependence of the orbital components in the tetragonal and orthorhombic

phases, respectively. The blue (red) curves represent orbital component for the xz (yz) orbital. The inset

shows the definition of the Fermi surface angle 6.



Supplementary Note 3: Experimental geometries for TARPES on detwinned FeSe

In Supplementary Figure 3a, we show the detwinning device made for TARPES measurements. Single
crystals (2 mm x 4 mm x 0.05 mm) were cut along the orthorhombic axes and pulled along one of the
axes by tightening the screw. The longer a axis is then aligned parallel to the direction of the tensile strain
below Ts. Supplementary Figures 3b and ¢ show the experimental geometries used for the TARPES
measurements. In the geometry in Supplementary Fig. 3b (3c), the strain direction is set parallel
(perpendicular) to the detector slit and the momentum along k (ky) is measured. Here, we consider a mirror
plane spanned by the surface normal and the detector slit. When using the s-polarized light, only the
orbitals of even parity with respect to the mirror plane, i.e. xz, is observed due to the selection rule.
Similarly, only yz is detected by the s-polarization in the geometry in Supplementary Fig. 3c which
measures along ky. Note that the selection rule for p-polarization holds only at the T" point (yz for
Supplementary Fig. 3b and xz for Supplementary Fig. 3c), by considering the other mirror plane spanned
by the surface normal and the orthorhombic axis perpendicular to the detector slit. However, we can
confirm that the orbital-selective observation remains capable also away from the I" point, by directly
comparing with the E-k images obtained by another laser-ARPES (hv = 5.9 eV) system with a higher
symmetry configuration (Supplementary Note 1). Owing to the orbital selectivity, we can separately

discuss the xz and yz orbitals in the present TARPES measurements on FeSe.
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Supplementary Fig. 3. Experimental geometries for TARPES and E-k images of detwinned FeSe
before photo-excitation. a, Detwinning device with the strained single crystal of FeSe. b,c, The
experimental geometries for TARPES where the detector slit is parallel to the orthorhombic a and b axis,
respectively. Gray plane represents a mirror plane of the orthorhombic lattice. The linear polarization s is
parallel to the detector slit. Momentum cut is shown for each geometry with the orange line. Observable
orbital characters are also indicated for each polarization. d, Band dispersions along ky axis around the T’
point of the detwinned FeSe obtained at 20 K with the s- and p-polarized probe laser (hv =5.9 eV) in the
geometry of b. Black curves represent hole band dispersions. Dotted lines highlight the position of k. e,

The same as d but along ky in the geometry of c.



Supplementary Note 4: Carrier relaxation dynamics for xz electrons obtained by different linear
polarizations of probe laser.

In Supplementary Figure 4a, b, we show the EDCs around the I" point for xz electrons obtained by p-
polarized probe laser along ky, and s-polarized probe laser along kyx in the strong-excitation regime (F =
220 nJem~2) at 20 K, respectively. In both cases, we observe a non-monotonic relaxation of photo-excited
xz electrons (Er < E <10 meV) which keep increasing from t = 120 fs to 700 fs. The Al(t) for xz obtained
by s-polarization is almost identical to that of p-polarization as shown in Fig. 3g. We thus confirm that the
retarded maximum in Al(t) solely depends on the orbital character, not on the experimental configurations

such as probe-laser polarizations (p or s) and probed momentum directions (kx or ky).
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Supplementary Fig. 4. The EDCs around the I" point probed by different probe laser polarizations
in the strong-excitation regime. a, Time dependence of the EDCs around the T" point (ky = 0.0 £+ 0.04
A1) for xz electrons obtained by p-polarized probe laser in the strong-excitation regime (F = 220 pJem?)
at 20 K. The orange bar in the inset shows the integrated momentum region for obtaining the EDCs. b,

The same as a but obtained by s-polarized probe laser along k.
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Supplementary Note 5: Temperature dependence of the carrier relaxation dynamics for xz and yz
electrons in the strong excitation regime.

In Supplementary Figure 5a, b, we show the EDCs around the T point (k, = 0.0 +0.04 A1) for xz electrons
obtained by p-polarized probe laser in the strong-excitation regime (F = 220 pJem2) at 20 K and 160 K,
respectively. The photo-excited tail intensity of EDCs (Er < E <10 meV) at 160 K monotonically increases

after photo-excitation. The indication of the retarded maximum in Al(t) is absent in the tetragonal phase.

In Supplementary Figure 5¢c, d, we also show the EDCs around the T point (kx = 0.0 + 0.04 A
for yz electrons obtained by p-polarized probe laser in the strong-excitation regime (F = 220 pJem~2) at
20 K and 160 K, respectively. At 160 K, the line shape and time dependence of the EDCs for yz
(Supplementary Fig. 5d) are almost comparable to those for xz (Supplementary Fig. 5b) reflecting the
tetragonal symmetry. We thus confirm that the non-monotonic carrier relaxation for xz electrons appears

only in the nematic phase.
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Supplementary Fig. 5. Temperature dependence of the EDCs around the I" point in the strong-
excitation regime. a, Time dependence of the EDCs around the T point (k, = 0.0 + 0.04 A1) for xz
electrons obtained by p-polarized probe laser in the strong-excitation regime (F = 220 uJem) at 20 K. b,

The same as a but at 160 K. c,d, The same as a and b but for yz electrons obtained along k.
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Supplementary Note 6: Fluence dependence of the time constants obtained from the fitting
procedures on the kry(t) curves.
We show the time constants obtained from the fitting analysis on the kry(t) for several F values assuming

the function kr(t) = kriexp(—t/7z1) + kroexp(—t/z) + Kkrsexp(—t/z3)cos(2nt/tp) as summarized in the

Supplementary Table 1. For F = 40, 80 and 170 pJcm~2, we assumed the double exponential components.

F(uWem?) | zi(ps) | z2(ps) | 73(ps) | t(ps)
430 0.40 > 80 0.40 0.6
330 0.45 > 80 0.55 0.8
240 0.68 > 80 0.60 1.2
220 0.83 > 80 0.55 1.4
170 0.83 > 80 - -
80 0.8 > 80 i :
40 0.85 > 80 i :

Supplementary Table 1. Time constants extracted from the kry(t) curves.
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Supplementary Note 7: Estimation of the transient electronic temperature.

Here we estimate the electronic temperature (Te) from the fitting analysis of the momentum-integrated
EDCs. In general, Te should be estimated by using the momentum-integrated EDC spectrum which
represents the total density of states multiplied by the Fermi-Dirac function further convoluted by the
instrumental resolution function. We integrated the EDCs of ARPES on xz from 0.0 A to 0.17 A along
ky, and fitted by a FD function convoluted by the gaussian of energy resolution (20 meV), assuming the
constant density of states neat Er (Supplementary Fig. 6a). After the photoexcitation of 220 pJem=2, Te
reaches 88 +2 K at 120 fs. Then, it shows a rapid decrease in < 1 ps and remains nearly constant at 45 K
for t > 3000 fs (Supplementary Fig. 6b), which is considerably lower than Ts= 90 K.

According to the two-temperature model?, elevated Te approaches a constant value after the rapid
relaxation via the electron-lattice coupling. There, the quasi-equilibrium state is realized, where the
temperatures of electrons and lattice become equivalent. This behavior has been indeed discussed in the
ultrafast optical measurements of the iron-based superconductors®. The maximum lattice temperature is
thus expected to be ~45 K in the present TARPES case. These analyses suggest that the electronic nematic

order gets dissolved in the ultrafast regime while the lattice well maintains the orthorhombicity.
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Supplementary Fig. 6. Estimation of the electronic temperature. a, Transient EDCs for xz and FD
functions assuming a constant density of states. b, Time dependence of the electronic temperature for xz

at 220 pJem2.
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